Recent years have seen growing interest in the employment of small molecules for deoxyribonucleic acid (DNA) studies. [1] [2] [3] [4] [5] [6] DNA might interact with small molecules according to three possible patterns: (1) The electrostatic interaction, which extends the external wall of DNA double helix and lacks selectivity; (2) Interaction with grooves of DNA; and (3) intercalation model. Some metal complexes such as Cuphenanthroline, Fe-EDTA, Mn-porphyrin and Ru-polypyridyl, can cleave or bind DNA in the presence of co-oxidants such as peroxides. 7-11 Schiff-bases are potential anticancer drugs, so they are currently studied extensively. [12] [13] [14] [15] [16] The anticancer activity of these complexes tends to increase when they complex with metal ions. 17, 18 21 Gravert and his co-workers investigated DNA binding/cleaving properties of twenty-six salen complexes of Mn(III) in the presence of terminal oxidants using DNA affinity cleaving techniques, and found DNA cleaving efficiency varying with both the structure and stereochemistry of the bridge. 23 We reported metal complexes of salen interaction of DNA and found that Co-salen showed the strongest interaction of DNA and that the interactive model between Co-salen is an intercalative one. 24 This paper reports on the fluorescence spectra characteristics of water-soluble metal complexes of Schiff-base and their interactive effects on calf thymus DNA under physiological condition. The interactive pattern between metal complexes of Schiff-base and DNA was investigated by UV spectroscopy, KI quenching and competitive binding of ethidium bromide (EB) and Mn-Schiff-base with DNA.
DNA might interact with small molecules according to three possible patterns: (1) The electrostatic interaction, which extends the external wall of DNA double helix and lacks selectivity; (2) Interaction with grooves of DNA; and (3) intercalation model. Some metal complexes such as Cuphenanthroline, Fe-EDTA, Mn-porphyrin and Ru-polypyridyl, can cleave or bind DNA in the presence of co-oxidants such as peroxides. [7] [8] [9] [10] [11] Schiff-bases are potential anticancer drugs, so they are currently studied extensively. [12] [13] [14] [15] [16] The anticancer activity of these complexes tends to increase when they complex with metal ions. 17, 18 Morrow et al. reported the cleavage of plasmid DNA by square planar nickel-salen [bis-(salicylidene)ethylenediamine] in the presence of either magnesium monoperoxyphthalic acid (MPPA) or iodosylbenzene. 19 Sato et al. reported stereospecific binding of chemically modified Salen-type Schiff-base complexes of copper(II) with DNA by ESR technique, and found the substitution of the phenylene or naphthalene bridging group for the ethylene group transforming the complexes from groove binders to intercalators. 20 Bhattacharya et al. reported a new water-soluble Co-salen complex that can cleave DNA spontaneously under ambient aerobic conditions. The cleavage is further enhanced by including dithiothreitol in the reaction buffer. 21 Routier et al. synthesized a functionalized Cu-salen complex and investigated the DNA-binding and DNA-cleaving properties of this Cu complex. It has been shown that the complex induces single-stranded breaks via an interaction within one of the grooves of the double helix. 22 Bhattacharya et al. reported a new water-soluble Co-salen complex that can cleave DNA spontaneously under ambient aerobic condition. 21 Gravert and his co-workers investigated DNA binding/cleaving properties of twenty-six salen complexes of Mn(III) in the presence of terminal oxidants using DNA affinity cleaving techniques, and found DNA cleaving efficiency varying with both the structure and stereochemistry of the bridge. 23 We reported metal complexes of salen interaction of DNA and found that Co-salen showed the strongest interaction of DNA and that the interactive model between Co-salen is an intercalative one. 24 This paper reports on the fluorescence spectra characteristics of water-soluble metal complexes of Schiff-base and their interactive effects on calf thymus DNA under physiological condition. The interactive pattern between metal complexes of Schiff-base and DNA was investigated by UV spectroscopy, KI quenching and competitive binding of ethidium bromide (EB) and Mn-Schiff-base with DNA.
The effects of salt concentration and pH of medium on interaction of DNA and metal complexes of Schiff-base have also been investigated. Mn-Schiff-bases as a novel fluorescence probe have potential analytical applications for the determination of traces of DNA.
Experimental

Reagents
Water-soluble Metal-Schiff-base complexes ( Fig. 1 ) were synthesized and purified as previously reported. 25 The fluorescence spectral characteristics and the interaction of several water-soluble metal complexes of Schiff-base with DNA are described. Among the complexes tested, Mn-Schiff-base bound to DNA showed a marked decrease in the fluorescence intensity with a blue shift of the excitation and emission peaks. Some hypochromism in the UV absorption spectra was also observed. KI quenching and competitive binding to DNA between Mn-Schiff-base and ethidium bromide (EB) were studied in connection with other experimental observations to show that the interactive model between Mn-Schiff-base and DNA is an intercalative one. The pH and salt effect on the fluorescence properties was also DNA was purchased from Huamei Biotechnological Co.
(Beijing) and used as received with the purity checked by the absorbance ratio, A260/A280, of DNA, which should not be less than 1.8 in a 0.2 mol L -1 phosphate buffer solution containing 60 mmol L -1 NaCl. The DNA concentration, expressed in base pairs, was estimated by spectrophotometry using a molar absorptivity value, ε260, of 1.31 × 10 4 mol L -1 cm -1 . Other chemicals were of analytical reagent grade. Doubly distilled water was used throughout.
Apparatus
All fluorescence measurements were carried out with an M850 fluorescence spectrophotometer (Hitachi, Japan). An excitation wavelength of 303 nm and an emission wavelength of 415 nm were used. The absorption spectra were recorded with a UV-1100 spectrophotometer (Rayleigh Analytical Instruments, Beijing).
Procedure
All experiments, except where specifically indicated, were carried out at pH 7.0 in a Britton-Robinson buffer containing NaCl (60 mmol L -1 ) and an appropriate amount of metal complexes of Schiff-base. Test solutions of metal complexes were incubated at 25˚C for 4 min after the addition of DNA.
The pH values of buffers covering 3.0 -10.0 were measured using a PHS-3C Model ion meter (Shanghai).
Results and Discussion
Fluorescence spectral characteristics of water-soluble metal complexes of Schiff-base Table 1 shows the excitation and emission wavelengths of water-soluble metal complexes of Schiff-base. One notices that water-soluble metal complexes of Schiff-base have two excitation peaks and one emission peak; metal ions have little effect on the excitation and emission wavelengths of complexes of Schiff-bases. Comparing the fluorescence intensities of water-soluble metal-Schiff-base complexes, one notices that the fluorescence intensities of these metal complexes show the following order: Mn > Cu > Ni. A Shiff-base possesses a plane structure, a metal ion combines with it to form a cyclic structure with increased structure rigidity. The outer orbit of Mn ion possesses more unpaired electrons than those of other two metal ions, leading to more rigid structure and enhanced fluorescence intensity. The blue shifts and decreases in the peak intensity of the excitation and emission peaks of metal complexes of Schiffbase were observed with the addition of calf thymus DNA. As a measure of the interactive degree, Table 1 the presence and absence of DNA. One can see that Mn-Schiffbase exhibits the strongest interaction with DNA. It was thus selected as the object of further investigation in this study. Figure 2 shows the fluorescence excitation and emission spectra for the free and bound Mn-Schiff-base in the absence and presence of different amounts of DNA. Upon binding of the Mn-Schiff-base complex probe to the DNA double helix, the fluorescence of Mn-Schiff-base was found to be significantly decreased with a blue shift of excitation and emission peak, while the concentration of DNA increases. The blue shift of the excitation peak at 303 nm is more significant compared with that at the excitation peak at 237 nm and the emission peak at 415 nm.
UV absorption spectra
The spectra characteristics associated with the binding of MnSchiff-base complex to calf thymus DNA are revealed in Fig. 3 . DNA causes a little shift in absorption spectra of Mn-Schiffbase, and the shift of maximum absorption wavelength at 234 nm is slightly more than that at 219 nm. A decrease by 17% in the intensity and a red shift from 234 to 231 were observed with the addition of 100 µmol L -1 DNA. If the Mn-Schiff-base complexes interact with DNA according to intercalation model, the chromophore would bury itself in the stack of DNA bases, leading to spectral changes caused by the interactions of the electronic states of the complex with the DNA bases. Aromatic π-π* states of Mn-Schiff-base seem to interact strongly with the electronic states of the DNA bases, causing a rather extensive hypochromicity accompanied by a red shift in the absorption.
Influence of denaturation of DNA
Denatured DNA was produced by heating a native calf thymus DNA solution in a water bath at 100˚C for 10 min, followed by rapid cooling in an ice bath to 0˚C before being brought back to room temperature. Calf thymus DNA split into two string-like soft polynucleotide chains from the original rigid double-helix structure. Figure 4 presents the characteristics of a Mn-Schiffbase bound to native and denatured DNA. As can be seen from this figure, Mn-Schiff-base interacted with both native and denatured DNA. The decrease in the fluorescence intensity of Mn-Schiff-base binding native DNA is more than that of denatured DNA. The highly organized double-helix structure of native DNA seems not to be the necessary condition for an interaction with Mn-Schiff-base, while the difference in the fluorescence quenching might be associated with the intercalation of Mn-Schiff-base into native DNA base pairs.
Competitive binding between EB and Mn-Schiff-base for DNA
EB is one of the most sensitive fluorescence probes that can bind DNA. The interaction pattern of EB with DNA belongs to the intercalation model, as reported in the literature. 26, 27 The fluorescence of EB tends to increase after intercalating into DNA. If the interaction pattern of Mn-Schiff-base with DNA is an intercalation one, it leads to a decrease in the binding sites of DNA available for Mn-Schiff-base with the addition of EB, and an increase in the fluorescence intensity of the Mn-Schiff-base-DNA system. As an indication of intercalation of DNA with a small molecular compound, the fluorescence intensity of small molecular compound decreases 50%, while the ratio of concentration of this compound to DNA is no more than 100. 28 Figure 5 presents the relationship between the fluorescence intensity of the Mn-Schiff-base-DNA system and the concentration of EB added.
One can notice that the fluorescence intensity of EB-DNA really decreases with the addition of Mn-Schiff-base complex. The value of the fluorescence intensity of Mn-Schiff-base complex decreases to 48.5%, while the concentration ratio of Mn-Schiff-base to DNA reaches 31.84%, indicating that Mn-Schiff-base intercalates into DNA base pairs. These experiments are in agreement with the proposed intercalative model of Mn-Schiff-base with DNA.
KI quenching
To further demonstrate the interaction pattern of the fluorescence probe Mn-Schiff-base complex with DNA, we performed the KI quenching experiments. Iodide ion is known to be a dynamic or collisional fluorescence quencher and provides a sensitive tool to examine the nature of the interaction of the probe with the DNA. The fluorescence quenching efficiency is evaluated by Stern-Volmer Ksv, which varieties with the experimental conditions. The value of Ksv was used to deduce the interaction pattern of the fluorescence probe with DNA. The binding of Mn-Schiff-base to the helix should protect the fluorophore from quenching by the negatively charged iodide, due to the electrostatic field surrounding the helix. High binding constants should correspond to better 1033 ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 protection by the DNA and a stronger inhibition of quenching by anionic species. Quenching plots are constructed according to the following Stern-Volmer equation.:
Here, F and F0 refer to the fluorescence intensities in the presence and the absence of iodide, respectively, Ksv is the Stern-Volmer quenching constant, and [I -] is the concentration of iodide in mol L -1 . Plots of I0/I vs. iodide concentration for Mn-Schiff-base with various DNA samples indicate that the data follow Eq. (1) and that the Ksv values were estimated from these linear plots. Figure 6 shows the collision fluorescence quenching effect of KI in both the presence and absence of DNA. The magnitude of Ksv should be higher for the free probe than that bound with DNA. The Ksv values for calf thymus DNA-Mn-Schiff-base and free Mn-Schiff-base are 61 and 94 L mol -1 , respectively.
These experimental results are in agreement with the intercalation model of Mn-Schiff-base binding with DNA.
Effect of the incubation time
The interactive time of Mn-Schiff-base and DNA influences the fluorescence intensity of Mn-Schiff-base in the presence of DNA. The fluorescence intensity decreases with time, reaching a more or less stable value after 4 min, which was taken to be the incubating time in all experiments.
The effect of pH
The fluorescence intensities of most aromatic compounds containing acidic and/or alkaline groups are sensitive to a variation of the solution pH. 29 Figure 7 shows the variation of fluorescence intensity of Mn-Schiff-base with the pH of the solution in both the absence and presence of DNA. One notices that the fluorescence intensities of Mn-Schiff-base increase with the increase of solution pH from 3 to 5, go through a more or less flat plateau between pH 6 -8, and decrease when the solution pH increase further (curve a). The lower fluorescence intensity at lower pH region might be attribute to the protonating of nitrogen atoms of Mn-Schiff-base. A decrease of fluorescence intensity at higher pH might be associated with destruction of rigid structure of the complex, which is caused by the combining of Mn ion with OH -ion in the solution. The effect of pH on the fluorescence intensity of Mn-Schiff-base-DNA system is similar with the free Mn-Schiff-base; however, the magnitude of variation is smaller than that of free MnSchiff-base (curve b). It might be associated with the protection of DNA phosphate backbone after Mn-Schiff-base intercalates into the DNA base pairs.
Effect of the salt concentration
A metal ion may interact with the phosphate group(s), the sugar moiety or the base residue of a nucleotide, 30 leading to the decrease of binding sites of DNA, which influences the interaction of small molecular with DNA. The effect of the salt concentration on the fluorescence intensity of Mn-Schiff-base binding DNA is illustrated in Fig. 8 . An increase in the fluorescence intensity with the addition of salt is expected as cations compete with Mn-Schiff-base to binding DNA, thus leading to an increase of the free Mn-Schiff-base. The effect of a divalent cation, such as Mg 2+ , is much stronger than that of a monovalent cation, such as Na + .
Intrinsic binding constant and binding site number
The concentration of free probe (CF) was obtained from following equation: 
where CT is the concentration of the probe added, F and F0 are the fluorescence intensities in the presence and absence of DNA, respectively, and P is the ratio of the observed fluorescence quantum yield of the bound probe to that of the free probe. The value P was obtained as the intercept by extrapolating from a plot of F/F0 (y) vs. 1/[DNA] (x). P was really the limiting fluorescence yield. The amount of bound probe (CB) at any concentration was equal to CT -CF, which can be used for estimating some important parameters. The intrinsic binding constant (k) and the binding site number (n) are calculated on the basis of the recorded fluorescence titration data using the Scatchard's equation 31
where r is the ratio of CB and the DNA concentration and c is the free-probe concentration. The calculated intrinsic binding constant is 6.81 × 106 mol L -1 in base pairs, and the binding-site number is about 0.062.
Effect of the incubation time
Analytical characteristics
The water-soluble Mn-Schiff-base fluorescence probe reported here has been used to determine traces of DNA. Figure  9 shows that the fluorescence intensity of Mn-Schiff-base exhibited a linear response with respect to the concentration of calf thymus DNA over the range of 3.0 × 10 -6 -2.0 × 10 -4 mol L -1 with a detection limit of 8.0 × 10 -7 mol L -1 in base pairs. The reproducibility of the Mn-Schiff-base fluorescence probe was tested at a DNA concentration level of 1 × 10 -5 mol L -1 . The relative standard deviation of eight experiments was 1.69%, indicating that the probe can be used to conduct a reproducible determination.
Conclusions
The fluorescence spectra characteristics of several water-soluble metal complexes of Schiff-base and interactions with DNA were investigated. Metal ions affect the fluorescence of the complexes, while the excitation and emission peak wavelengths remained practically unchanged. Mn-Schiff-base exhibits the strongest interaction with DNA according to an intercalating model. As a novel fluorescence probe, Mn-Schiff-base is a potential analytical tool for the determination of DNA.
